2001). inositol phospholipids by phospholipase C results in
In order to obtain three-dimensional structural inforwater soluble inositol phosphates that are further memation on the inositol 5-phosphatase catalytic (IPP5C) tabolized by a number of kinases and phosphatases domain at high resolution, we subcloned and screened (Majerus, 1992; Shears, 1998 
II. The protein is one of three predicted inositol polyOverall Structure
The overall architecture of the IPP5C domain consists phosphate 5-phosphatases found to date in the S.
of two lobes of the ␣ϩ␤ type (Figure 3 ). The structure pombe genome. BLAST searches (Altschul et al., 1997) contains two mostly antiparallel sheets on the interior, revealed that the coding sequence of the S. pombe flanked by two ␣-helical layers on the outside. The IPP5C protein shares the tripartite domain structure found in core contains a total of 7 ␣ helices and 11 ␤ strands. the dual-functional class of inositol lipid phosphatase
The strands are arranged in the two sheets in the order proteins, mammalian synaptojanin and the Saccharo-3, 4, 2, 1, 11, and 10, and 5, 6, 7, 8, and 9, respectively. myces cerevisiae counterparts Inp52 and Inp53, also proximating a sixth strand in sheet II. In addition to the polyphosphoinositide phosphatase activity (PPIPase), IPP5C domain itself, the crystal structure contains a central 5-phosphatase domain that typically prefers N-and C-terminal extensions that are outside of the PI(4,5)P 2 substrates, and a carboxy-terminal proline rich conserved core. Together, the N and C termini form an region (Guo et al., 1999). We therefore refer to it as extended stalk consisting of two long helices that we SPsynaptojanin for S. pombe synaptojanin. Here, we designate ␣N and ␣C. report the enzymatic characterization of the IPP5C domain of SPsynaptojanin (comprising residues 534-880), its crystal structure alone at 2.0 Å resolution and in a Ins(1,4)P 2 and Ca 2؉ Binding Sites product complex with inositol (1,4)-bisphosphate and
The active site of SPsynaptojanin-IPP5C is located in a Ca 2ϩ at 1.8 Å resolution, and a structure/function analyfunnel-shaped depression formed at one end of the two sis of substrate specificity and membrane binding deter-␤ sheets. The active site was located by soaking crystals minants.
for 20 hr in 2 mM Ins(1,4,5)P 3 and 1 mM CaCl 2 and determining the structure by the Fourier difference technique (Figure 4 ). Although the crystals were soaked in Results Ins(1,4,5)P 3 , the difference density indicated beyond doubt that Ins(1,4)P 2 , and not Ins(1,4,5)P 3 , was bound.
Enzyme Activity and Complementation of inp51
We believe that the bound Ins(1,4)P 2 represents the eninp52 inp53 Triple Mutant zymatic hydrolysis product and not a contaminant in The inositol polyphosphate phosphatase catalytic the Ins(1,4,5)P 3 for two reasons. First, Ins(1,4,5)P 3 binds (IPP5C) domain of SPsynaptojanin (SPsynaptojaninto SPsynaptojanin-IPP5C with high affinity (K m ϭ 32 M), IPP5C) is highly active against a range of soluble and so there is no reason to expect that Ins(1,4)P 2 , which is lipid inositol phosphates (Figure 2 ). The enzyme is active not a substrate at all, would bind preferentially in the in dephosphorylating the 5-position of Ins(1,4,5)P 3 and presence of both compounds. Second, a data set was Ins(1,3,4,5)P 4 and to a lesser extent Ins(1,4,5,6)P 4 . The obtained from a shorter soak (10 min) that yielded a enzyme is also active against PI(4,5)P 2 presented in sonicomplicated electron density map in the active site recated vesicles and Triton mixed micelles, and somewhat gion (not shown) consistent with a mixture of bound less active against PI(3,5)P 2 in unilamellar vesicles. AcIns(1,4,5)P 3 and Ins(1,4)P 2 . All available evidence sugtivity against PI(3,5)P 2 drops sharply when this substrate gests that SPsynaptojanin-IPP5C as crystallized is catais presented in mixed micelles. Furthermore, the enzyme lytically active and that the complex described is that hydrolyzes PIP 3 to produce PI(3,4)P 2 . Thus, this activity of the reaction product. profile most resembles the type II inositol 5-phosphaIns(1,4)P 2 has approximate 2-fold symmetry, but the tases. The lipid 5-phosphatase activity of SPsynaptopredominant binding mode was determined unambigujanin-IPP5C is functional in vivo as transformation of ously from the high quality of the 1.8 Å electron density inp51 inp52 inp53 triple-mutant strains of S. cerevisiae map (Figure 4) for the complex structure. The 1-phoswith a plasmid expressing the SPsynaptojanin-IPP5C phoryl moiety interacts with the main chain NH groups of residues 704 and 705 from the ␤7-␣4 loop (Figure 4) . domain results in rescue of cell viability ( Figure 2D ). 
Mutagenesis

In order to gain insight into the determinants of substrate Structural Similarities to Nucleases
We searched the Protein Data Bank for structural simibinding and selectivity, the structure was used to predict substitution mutants that would alter catalysis and speclarities to SPsynaptojanin-IPP5C using VAST (Gibrat et Table 1 and discussed A detailed comparison of the Ins(1,4)P 2 complex with the APE1 DNA complexes shows that the three-dimensional in detail below. Each mutant was also tested for the ability to complement the lethal phenotype of the inp51 arrangement as well as the identities of the key catalytic residues and metal ligands are very similar in SPsynapinp52 inp53 triple mutant yeast strain. Although mutants were all expressed at similar levels in yeast, none of tojanin-IPP5C and APE1 ( Figure 5 ). There are significant differences between the product them were able to restore growth of these strains, indicating that the 5-phosphatase activity had been combinding geometries observed in the SPsynaptojanin-IPP5C/Ins(1,4)P 2 complex and the APE1 nicked DNA promised. It is noteworthy that SPsynaptojanin-IPP5C was a relatively weak suppressor of lethality as comcomplex. In the ternary complex of APE1 with Mn 2ϩ and nicked DNA, the hydrolysis products can be visualized in pared to its S. cervisiae Inp52-IPP5C counterpart (data not shown).
the crystal, since presumably the presence of extensive sequences tightly constrain the binding mode of the nicked product, the binding of the Ins(1,4)P 2 product appears to be less constrained. flanking sequences on the DNA places strong constraints on the binding mode of the products. In APE1,
The greatest puzzle of inositol kinase and phosphatase enzymology concerns the origin of phosphorylation the position of the scissile phosphate differs by only 0.7 Å between the pseudo-Michaelis and the product complex. and dephosphorylation site selectivity. 5-phosphatases are competent to bind soluble and lipid inositol derivaThe 5-phosphatase reaction products of Ins(1,4,5)P 3 are inorganic phosphate and Ins(1,4)P 2 . There is no electron tives phosphorylated at combinations of the 3, 4, and 5 positions, yet they dephosphorylate only the 5-position. density evident for inorganic phosphate, suggesting that inorganic phosphate dissociates from SPsynaptojaninIn the absence of a structural comparison between reactive and unreactive complexes, the mechanism of site IPP5C under the conditions used. Ins(1,4)P 2 remains SHIP2) . Therefore, the mutant K795R/ pend more on the absence of steric interference with R810N was constructed and characterized. This mutant membrane binding than on electrostatic attraction behad 2-fold reduced activity toward PI(3,5)P 2 , as comtween the enzyme and the membrane. pared to 20-fold reduced activity vs. PI(4,5)P 2 . The muType I 5-phosphatase is distinguished by its inability tant has 10-fold reduced activity toward PIP 3 as comto dephosphorylate membrane bound inositol phospared to wild-type; however, the interpretation of this phates. We pinpointed two basic residues on the putaresult is complicated by the presentation of PIP 3 to the tive membrane binding face of SPsynaptojanin-IPP5C enzyme in pure synthetic vesicles as compared to prethat are conserved in most 5-phosphatases but not in sentation in yeast membranes in the case of PI(3,5)P 2 type I. These residues are Lys-669 and Lys-808 in SPsyand PI(4,5)P 2 . The precise mechanism of selectivity naptojanin-IPP5C, and in the type I enzyme they are could be based on modulation of either affinity or catareplaced by Glu and Asn, respectively. Lys-669 is remote lytic geometry by these two amino acids, and its clarififrom the active site, while Lys-808 is in the active site cation awaits further study. Nevertheless, we have been region, although not in direct contact with Ins(1,4)P 2 in able to pinpoint key determinants for substrate specificthe complex structure. The type I-like mutant K669E/ ity and engineer a 5-phosphatase with altered specificity K808N and a mutant designed to more drastically interbased on structural analysis. Such engineered 5-phosfere with electrostatic membrane binding, K669E/ phatases may prove to be valuable reagents for under-K808E, were constructed. These mutants exhibited standing the relative roles of the various 5-phosphatase sharply decreased activity against lipid substrates, as dephosphorylation reactions in vivo. Pending the strucwell as decreased activity toward soluble substrates ture determination of SHIP2, engineered 5-phosphatase (Table 1) . These results suggest that one or both of these mutants may also provide a useful starting point for residues, most likely Lys-808, make contact with the structure-based inhibitor design. substrate in the reactive complex, even though they do not make contact in the product complex. The results
Model for Membrane and Inositol
also suggest that other regions of the protein must be Phosphate Binding involved in selectivity for lipid vs. soluble substrates. In The identification of the active site provides a powerful addition to the absence of two basic residues noted constraint on the possible modes of membrane interacabove, the type I sequence is distinguished from the tion. The surface surrounding the active site is formed other 5-phosphatases by several large insertions in their primarily by loops associated with sheet II, including IPP5C domain. Three of these insertions are in the puta-␤7-␣4, ␤8-␣5, and ␣7-␤9. Parts of two other loops in this tive membrane binding loops ␤5-␤6, ␤8-␣5, and ␣7-region are invisible in the electron density and therefore ␤9 (Figure 6 ). The steric bulk of these insertions could interfere with binding to the membrane surface. presumed to be disordered in the absence of membrane 
is the ith measurement of reflection h and ϽI(h)Ͼ is the weighted mean of all measurements of I(h).
c R factor ϭ ⌺ h ||F obs (h)| Ϫ |F calc (h)||/⌺ h |F obs (h)|; R free is calculated with 10% of the data. 
Conserved Motifs in 5-Phosphatases
